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Abstract 
 
A multi-faceted study is conducted with the objective of estimating the potential fiscal savings in 
annoyance and sleep disturbance related health costs due to providing improved building acoustic 
design standards.  This study uses balcony acoustic treatments in response to road traffic noise as an 
example.  The study area is the State of Queensland in Australia, where regional road traffic noise 
mapping data is used in conjunction with standard dose-response curves to estimate the population 
exposure levels.  The background and the importance of using the selected road traffic noise indicators 
are discussed.  In order to achieve the objective, correlations between the mapping indicator 
(LA10 (18 hour)) and the dose response curve indicators (Lden and Lnight) are established via analysis on a 
large database of road traffic noise measurement data.  The existing noise exposure of the study area is 
used to estimate the fiscal reductions in health related costs through the application of simple 
estimations of costs per person per year per degree of annoyance or sleep disturbance.  The results 
demonstrate that balcony acoustic treatments may provide a significant benefit towards reducing the 
health related costs of road traffic noise in a community.  
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1. Introduction 
 
The relationships between transportation noise and annoyance or sensitivity has been studied 
numerously over recent decades [1-4] and environmental noise has been identified as a significant 
public health issue [5-7].  Its effect on sleep and consequent various health problems has achieved a 
dedicated research focus through numerous laboratory, field and epidemiological studies and reviews 
[8-16]. The World Health Organisation (WHO) states that there is sufficient evidence that night noise 
exposure causes self-reported sleep disturbance and noise-induced sleep disturbance is viewed as a 
health problem [17].  WHO also state there is evidence, albeit limited, that disturbed sleep causes 
fatigue, accidents and reduced performance. Thus, linkages between environmental noise and 
community health are reasonably established. 
 
The data arising from many of these previous studies has led towards the development of equations 
that can estimate proportions of populations affected by environmental noise.  This is done through the 
use of dose-response curves [18-21] that can be used to predict annoyance and sleep disturbance due 
to varying levels and types of environmental noise.  Dose-response curves coupled with data from 
regional scale noise mapping can be used to predict the actual numbers of exposed people in a 
community.  In the last 10 years or so, regional scale environmental noise mapping has become a 
popular mechanism to determine the exposure levels of communities to environmental noise [22, 23], 
and has also become mandatory for some parts of the world [24]. 
 
Simply determining the proportion of exposed community due to environmental noise does provide 
sufficient information to answer critical questions relating to the cost or benefit of proposed acoustic 
mitigations.  Building designers and urban design policy makers are interested in the expected cost 
impacts on the wider community due to their designs and policies.  Building design policies relating to 
environmental noise are aimed at improving the lives of people in communities by reducing exposure 
sound pressure levels.  This can be called the community benefit.  In almost all scenarios available to 
an acoustic designer, the community benefit induces an economic cost such as higher building 
construction costs, lower profit yields for developers or less available land for residential purposes.  
However, these economic costs can be offset by investigating the economic perspective of the 
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community benefit.  This is done by estimating the economic benefit due to the improvement in 
peoples’ lives, for example, being less sleep disturbed results in fewer health costs.  
 
There are a number of studies aimed at determining health costs associated with sleep disturbance or 
disorder [25-28] and other studies have focused on relationships between sleep disturbance and other 
perspectives such as workplace productivity or fatigue related accidents leading to lost work time [29, 
30].  A smaller number of studies investigate environmental noise as the cause of the sleep disturbance 
[31-33].  The relationship between urban design and public health has also generated discussion [34] 
and there are continuing efforts to improve the links between public health and environmental noise 
annoyance into noise policies [35].  There appears to be limited publications on the costs associated 
with specific acoustic building design standards and policies, particularly those related to proposed 
changes in building design policies and also, there is limited linkage derived backwards to estimate 
community benefits which would offset the cost of any particular policy. 
 
There appears to be limited literature which aims to combine all data from regional scale 
environmental noise mapping, the predicted economic costs of acoustic building design policies, the 
predicted proportions of community affected by environmental noise and the predicted community 
benefits obtained from reduction in noise levels.  Consequently, this paper outlines a method used in a 
local study in Queensland that attempts to combine all such data to determine the significance of 
balcony acoustic designs.  It relates regional scale road traffic noise mapping data and predicted 
population dose-response with predicted mitigated road traffic noise levels from residential balcony 
acoustic design as an example.  It outlines the methodology used and issues encountered, such as the 
use of different environmental noise indicators and lack of suitably accurate data which forces some 
broad assumptions.  One of the intentions of this paper is to promote this approach in environmental 
noise research and noise policy endeavours. 
 
More specifically, this paper firstly discusses in Section 2 the background of indicators commonly 
used in regional scale road traffic noise mapping and the dose-response curves for the Lden and Lnight 
indicators.  The overall study methodology and the various elemental methodologies are outlined in 
Section 3. The results and discussion obtained from the predicted potential community benefits in 
fiscal terms due to various balcony acoustic treatments are presented in Section 4.  Section 5 provides 
the conclusions obtained from this paper. 
 
2. Indicators and dose-response curves 
 
The World Health Organisation (WHO) and the European Commission (EC) have been active in 
recent years in conducting research and producing guidelines on night time noise from transportation.  
The WHO released their Guidelines for Community Noise in 1999 [36].  The guideline values related 
to residential areas for sleep disturbance are 45 dB(A) LAeq (8 hour) and 60 dB(A) LAmax outside 
bedrooms, 30 dB(A) LAeq (8 hour) and 45 dB(A) LAmax inside bedrooms and for speech intelligibility and 
moderate annoyance, 35 dB(A) LAeq both day time and evening.  Outdoor areas are also represented 
with a guideline of 55 dB(A) LAeq (16 hour) to avoid serious annoyance, and 50 dB(A) LAeq (16 hour) for 
moderate annoyance.  The WHO Guidelines for Community Noise use the LAeq and LAmax indicators 
for continuous noise and event noise respectively.  The guideline values (LAeq and LAmax) have been set 
as the lowest noise level that produces an adverse health effect for the general population.  The WHO 
Guidelines defines an adverse health effect from noise as a “temporary or long-term impairment of 
physical, psychological or social functioning that is associated with noise exposure”. 
 
Prior to the release of the WHO Guidelines, the European Commission released a Green Paper on 
Future Noise Policy [37].  The main purpose of that report was to elevate the issue of environmental 
noise amongst the European community.  The paper raised several recommendations, including that 
the prediction and assessment of noise should be made with harmonised noise descriptors and 
harmonised methods of assessment.  A harmonised method and indicator was recommended to support 
noise mapping and provision of information regarding noise to the public. 
 
The European Commission followed the green paper with a ‘Position paper on EU Noise Indicators’ 
[38].  The purpose of the report was to recommend “physical indicators to describe noise from all 
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outdoor sources for assessment, mapping, planning and control purpose and to proposed methods of 
implementation.”.  It recommended any future European Commission Directive ensure that the Lden 
and Lnight be made mandatory for noise exposure reporting.  Regarding the Lden, the duration of the 
day, evening and night period must remain the same but each Member State in the EU could define the 
period start times depending on their local circumstances.  It also identified that the suggested 
indicators of use can be used for all transports source (road, rail, air and shipping) and most industrial 
noise, thus highlighting the usefulness of Lden and Lnight to harmonise environmental noise assessments 
and methodologies.  The main reason for suggesting the Lden and Lnight indicators is for the 
harmonisation of methods and assessments in Europe and it is not intended by the European 
Commission to abolish local assessment practices where they do not conflict with the harmonisation 
policy.  The paper goes on to state that the Lnight indicator is used only to satisfy the assessment and 
reporting process where it specifically relates to sleep disturbance. 
 
Following the EU Position Paper on EU Noise Indicators [38] the European Commission released its 
Directive [24] relating to the assessment and management of environmental noise.  The key 
requirements of the Directive are that it is necessary to establish common assessment methods for 
environmental noise and a definition for limit values, in terms of harmonised indicators for the 
determination of noise levels.  Limit values are determined by each member state to suit the situation 
or local needs.  The Lden is selected to assess annoyance and the Lnight is selected to assess sleep 
disturbance.  Supplementary noise indicators are allowed to be used by member states where particular 
circumstances require a different indicator. Thus, member states in the EU are required to report 
environmental noise exposure statistics using the Lden and Lnight.  
 
Also in 2002, the European Commission released their ‘Position paper on dose response relationships 
between transportation noise and annoyance’ [18]. The purpose of their position paper was to 
synthesise available research to develop dose-response curves for estimating the number of annoyed or 
highly annoyed people based on an external noise level.  The dose-response curves shown in Figure 2a 
were based on the Lden.  Dose response curves that are based on the Lnight have been outlined in the 
European Commission ‘Position paper on dose-effect relationships for night time noise’ [19] are 
shown in Figure 2b.  The algorithms derived for the dose-response curves are provided in Table 1. 
 
A recent document issued by the WHO is the ‘Night Noise Guidelines for Europe’ [17] (NNGE) 
which is stated by WHO to be an extension of their ‘Guidelines for Community Noise’ [36].  This 
guideline claims that although several countries have night noise guidelines, there is insufficient 
information on actual exposure and effects on the population.  On noise indicators, an indicator must 
have the ability to predict an effect and the chosen indicator should be easy to explain to the public and 
be consistent with existing practices and legislation.  For different health conditions different 
indicators could be selected, for example; (1) long term health effects such as cardio-vascular disease 
are best correlated with long term average noise levels (Lnight); and (2) short term effects such as sleep 
disturbance are better correlated with single event maximum noise levels (LAmax).  However Lnight is 
the indicator of choice from both a scientific and practical perspective. 
 
The NNGE [17] reviews the available evidence and concludes that (a) sleep is a biological necessity, 
and disturbed sleep is associated with a number of adverse impacts on health; (b) there is sufficient 
evidence for biological effects of noise during sleep, increase in heart rate, arousals, sleep stage 
changes, hormone level changes and awakening; (c) there is sufficient evidence that night noise 
exposure causes self-reported sleep disturbance, increase in medicine use, increase in body movements 
and environmental insomnia; (d) while noise-induced sleep disturbance is viewed as a health problem 
in itself (environmental insomnia) it also leads to further consequences for health and well-being; (e) 
there is limited evidence that disturbed sleep causes fatigue, accidents and reduced performance and 
(f) there is limited evidence that noise at night causes clinical conditions such as cardiovascular illness, 
depression and other mental illness. 
 
In the NNGE the WHO outline their recommendations for health protection in relation to the Lnight 
level outside a dwelling.  It states that (1) Lnight < 30 dB(A) would appear to cause no substantial 
biological effects in most humans; (2) Lnight 30 dB(A) to 40 dB(A) causes a number of effects 
including increased body movements, awakening, self reported sleep disturbance and arousals; (3) 
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Lnight 40 dB(A) to 50 dB(A) causes a sharp increase in health effects with subjects taking actions to 
adapt to the higher level noise environment and (4) Lnight >55 dB(A) causes frequent adverse health 
effects and a high percentage of the population are annoyed. 
 
The ultimate target of the WHO NNGE is an Lnight of 30 dB(A), however it is recognised that many 
EU member states cannot achieve this for various reasons.  Therefore the ‘Night Noise Guidelines’ 
propose a first stage interim target of 55 dB(A) Lnight, a second stage interim target of 40 dB(A) Lnight 
and a final stage is meeting the night noise guideline of 30 dB(A) Lnight. 
 
The summary above demonstrates the indicators currently being used by many European countries.  
Meeting the noise level guidelines can be quite onerous, and it will be demonstrated in Section 4 that a 
significant proportion of communities in Queensland are subject to road traffic noise levels in excess 
of these guidelines.  This study does not intend to discuss noise level guidelines and the ability to meet 
them in any more detail than described above, however to say that there are benefits obtained in taking 
small steps towards meeting the guidelines.  Balcony acoustic treatments may be considered as one 
mitigation option out of many that leads to closing the gap between guideline values and actual road 
traffic noise levels. 
 
3. Methodology 
 
3.1 Generalised method 
 
The method used in this investigation relates regional noise mapping results to predicted mitigation 
benefits from acoustic building design policy.  The generalised method is outlined in Figure 1.  The 
process involves 8 main steps.  Step 1 requires a regional scale noise mapping study to be completed 
with results predicting the population exposure levels.  Step 2 reviews the available dose-response 
information for the community and selects, in Step 3, appropriate noise exposure dose-response curves 
in terms of the noise mapping prediction indicator obtained from the regional noise exposure mapping.  
Step 4 combines the three previous steps and calculates population-response histograms.  In Step 5, 
data pertaining to health, productivity or similarly related community costs concerning the 
environmental noise of interest are obtained and used to calculate estimated fiscal costs for the whole 
community.  A mitigation option (or options) such as building acoustic design standard are 
investigated in Step 6 and potential exposure mitigation levels and costs derived.  Step 7 involves 
adoption of an intervention criterion level (e.g. 55 dB(A) Lnight) and the mitigation options selected are 
only implemented for population exposed above the criterion level and applied to the population-
response histograms from Step 4 to determine the community benefit.  The final step utilises the 
predicted community benefit and estimates the fiscal savings to the community due to the introduction 
of the modelled building acoustic design mitigation (Step 8). 
 
3.2 Study method 
 
In this study, Step 1 utilised regional scale road traffic noise mapping statistics obtained from a study 
by Naish [39] for noise from State-controlled roads (approximately 36,000km of roadway) which were 
reported in the LA10 (18 hour) indicator. That data provides the results necessary to determine the number 
of people exposed to various road traffic noise levels.  The requirements for Step 2 raised the first 
problem as there are no locally prepared dose response curves for environmental noise in Queensland 
in terms of the LA10(18hour) indicator.  The lack of Australian specific dose-response curves and the 
potential need for them has been highlighted [40] and a review of recent literature indicates this lack 
has not since been filled.  Therefore, recent dose-response curves for noise exposure in Europe using 
the Lden and Lnight indicators have been adopted for this study (Table 1 and Figure 2).  The adopted 
European dose-response curves can be tentatively accepted due to (1) overall similarities in 
development standards between Australia and European countries; and (2) one Australian database 
contributed to the aircraft dose-response curves [41] which establishes some local content affecting the 
general trends across all transport modes.  The adoption of European dose-response curves introduced 
a second problem in that the noise mapping results are in terms of the LA10 (18 hour) and therefore a 
method of converting the LA10 (18 hour) to an Lden or Lnight was required to be able to complete this study.  
The method for this part of the study is presented in Section 3.2.1.  
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Once the problems in Steps 2 and 3 were overcome, the calculation of population exposure 
distribution in Step 4 was relatively straight forward. Using the dose response relationships presented 
in Figure 2 and the population exposure data [39], it is possible to estimate the number of people 
annoyed, highly annoyed or sleep disturbed to various levels.  
 
To collate all the data listed in Figure 1 to complete Step 5 would require a very substantial research 
program due to the diversity of data sources.  This study has been limited to investigating health 
related costs for sleep disturbance in order to constrain the scope of the study and even with this 
constraint it is difficult to derive a cost per person for annoyance or sleep disturbance due to road 
traffic noise.  The method used for completing Step 5 is presented in Section 3.2.2. 
 
The mitigation option selected for Step 6 specifically investigates the attenuation benefits provided by 
balcony acoustic treatments.  A summary of literature on balcony acoustic design can be found in a 
review conducted by Naish & Tan [42] based on results from numerous studies on the likely 
attenuations provided by various balcony acoustic treatments [43-50].  The predicted levels of noise 
attenuation from balcony acoustic treatments and the various scenarios used in this study are presented 
in Section 3.2.3. 
 
The first part of Step 7 is to select an appropriate intervention criterion level.  The intervention level 
adopted for this study is 55 dB(A) Lnight which is the interim target set by the WHO in NNGE [17].  
Using Equation (4) in Table 4, a 55 dB(A) Lnight level corresponds with 62 dB(A) LA10 (18 hour).  The 
second part of Step 7 requires the re-evaluation of the population exposure distribution due to the 
introduction of the studied mitigation design.  Including expected balcony acoustic treatments 
attenuations from Case B and Case C from Figure 4 into the population exposure predictions allows a 
re-estimation of the number of people Highly Annoyed, Annoyed, Highly Sleep Disturbed, Sleep 
Disturbed or Lowly Sleep Disturbed.   
 
The final step, Step 8, is a relatively straight forward process to calculate the fiscal change due to the 
change in population exposure distributions.  Only the predicted mitigation levels from balcony 
acoustic treatments and not the costs of design and construction of these treatments are included in this 
study.   
 
3.2.1 Indicator correlations  
 
This study uses regional scale road traffic noise mapping data [39] which was calculated using the 
CoRTN [51] algorithms, thus the data is in terms of the LA10(18hour) across Queensland, Australia.  
However, the dose-response curves presented in Figure 2 are based on Lden and Lnight which means that 
some form of conversion is necessary.  Queensland’s situation is similar to the United Kingdom (UK), 
as the UK has used the LA10 (18 hour) indicator for several decades.  The UK is now required by the 
European Commission to conduct wide scale noise mapping using the Lden and Lnight.  Thus, the 
Transport Research Laboratory (TRL) reviewed various means on how the UK could conduct 
predictions of the Lden and also prepared an analysis to compare the differences between the LA10 (18 hour) 
and the Lden [52].  Here a similar exercise is conducted using Queensland road traffic noise 
measurement databases with the aim of determining Queensland based correlations between the 
LA10 (18 hour) and the Lden, Lnight and the LAmax at night.  
 
The indicators investigated are defined as follows.  The LA10 (18 hour) is the arithmetic average of the 
values of the LA10 (1 hour) for each of the eighteen one-hour periods between 6 am (0600 hours) and 
midnight (2400 hours) (Equation 1).  The measured LA10 (18 hour) is equivalent to the predicted 
LA10 (18 hour) obtained using CoRTN.  The Lden (Equation 2) is the logarithmic average of the LAeq(Day) 
(12 hours from 7 am to 7 pm), LAeq(Eve) (4 hours from 7 pm to 11 pm) and Lnight (8 hours from 11 pm to 
7 am) (Equation 3).  The ‘Eve’ period attracts a 5 dB(A) weighting and the ‘Night’ period attracts a 10 
dB(A) weighting. The LAmax,max (Night) is the highest LAmax (1 hour) of each of the one-hour periods between 
10 pm (2200 hours) and 6 am (0600 hours) the next day.  The LAmax,av (Night) is the arithmetic average of 
the LAmax (1 hour) of each of the one-hour periods between 10 pm (2200 hours) and 6 am (0600 hours) the 
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next day.  The purpose of distinguishing the LAmax,max (Night) and LAmax,av (Night) is to help indicate 
variability in hourly maximum noise levels across the night time period. 
 
A database of road traffic noise measurement results has been collated so that statistical analysis could 
be performed to determine the correlations between various noise indicators.  To ensure a 
representative range of road types in the database, the noise measurements selected include a variety 
of road sizes and types, with traffic flow rates ranging from multi-lane, heavy flow motorway traffic, 
to single lane rural road traffic with lower traffic flows but a higher percentage of heavy vehicles.  The 
road traffic noise data is mostly from measurements carried out in the south-east Queensland area 
(Brisbane city and surrounds) however data is also gathered from around cities such as Townsville, 
Cairns and Rockhampton.  The measurement data is sourced from the Queensland Government 
Department of Transport and Main Road (TMR) databases, and also from road traffic noise 
measurements performed by external consultants commissioned by TMR to carry out noise assessment 
work on its behalf.   
 
Figure 3 shows the approximate locations of measurements included in the database.  The 
measurement locations exhibit the ranges of data provided in Table 2.  Initially, a larger dataset of 
daily data was available (429 measurement locations, 992 individual days), however the quality of 
each day of unattended data was not known.  Therefore, prior to entering the final database for 
analysis, each day of data is visually checked for consistency with known traffic noise characteristics.  
Each day is charted over its 24 hour period, and any days that demonstrated clear examples of 
extraneous noise, such as spikes in the LAeq are removed from the final data set, thus leaving 94% of 
measurement locations and 95% of individual days remaining in the database.  Finally, the database 
comprised 404 measurement locations, and 947 individual days of valid noise measurements. 
 
3.2.2 Estimating road noise related sleep disturbance health costs 
 
The estimated health cost of sleep disorders in Australia has been provided in a report by Access 
Economics [53].  The overall summary of that report was, as far back as 2004, over 6% of the 
population experienced sleep disorder with total costs of $10.3 billion in 2004 ($Aus) with overall 
direct associated health costs alone contributing to $628 million ($61 million for ‘out of hospital’ costs 
such as appointments with medical professionals) and indirect associated health costs of $5.6 billion.  
The report summarised that the total financial costs of sleep disorders were $6.2 billion, which equated 
to $5,175 per person with a sleep disorder and averaged out to $310 per person across the entire 
population of Australia.  The total of $5,175 per person was calculated as $520 health costs plus 
$4,655 indirect health costs, where indirect health costs are a combination of work related injuries 
($2,240), motor vehicle accidents ($925), productivity losses ($1,375) and tax revenue loss ($115). 
 
An alternative method to estimate sleep disorder health costs was developed (1) for the purposes of 
this research, and (2) to confirm the reasonableness of the figures above.  In this method, average 
Australian Government cost contributions related to attendances to a medical professional and selected 
pharmaceuticals in Australia have been obtained from statistics from Medicare (a division of the 
Australian Government) [54].  Statistics obtained indicate in the financial year July 2010 to June 2011 
there were approximately 100 million attendances consuming approximately $3,909 million of 
government rebate and $1,415 million in pharmaceuticals.  Therefore, on average, government 
contributions to a single appointment to a general medical professional was $39 and that on average, 
each appointment resulted in $14 being spent on selected pharmaceuticals.  Attendances with medical 
professionals are categorised by duration and the level of Government rebate available [55] where (in 
2011), Type ‘A’ = Very short duration ($16); Type ‘B’ = Less than 20minutes ($35); Type ‘C’ = 
Between 20 and 40 minutes ($68); and Type ‘D’ = Greater than 40 minutes ($100).  The Access 
Economics report [53] indicates medical professional attendances for sleep disorder were, in 2004, 
approximately 73% Type ‘B’; 14% Type ‘C’ and 1% Type ‘D’ consultations.  The minimum and 
average wage rates for Australia were obtained to assist in determining productivity losses associated 
with sleep disturbance.  The current minimum wage is nearly $16/hour [56] whereas the average 
weekly wage for permanent full time workers was $1250 with an average of 39.2 hours per week [57].  
This results in an average hourly rate of approximately $32 per week for a permanent full time worker 
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in Australia.  Both the minimum and average hourly rates are used to estimate a possible range of 
health costs. 
 
The next step in the estimate process requires several assumptions to be made to link the health cost 
data with the dose response curves from Step 2 and 3.  It is assumed for the purposes of this study that 
financial health costs of ‘annoyed’ persons equals ‘lowly sleep disturbed’ and that ‘highly annoyed’ 
persons equals ‘sleep disturbed’ persons.  It is also assumed that ‘highly sleep disturbed’ persons are 
likely to exhibit symptoms of a sleep disorder.  The basis for this assumption comes from the WHO 
‘Night Noise Guidelines’ where via an assessment of disability weights “it is justified to consider 
noise-related sleep disturbance as a substantial loss of public health” [17].  Thus because there are 
three annoyance categories, three health cost categories based on groupings of dose-response 
symptoms can be developed to estimate the direct and indirect health costs of road traffic noise.  
 
Heath Cost Category 1 (HCC1) includes ‘annoyed’ and ‘lowly sleep disturbed’ persons, and the health 
costs can be estimated as (in Australian Dollars) $100/person/year. This cost is estimated as the cost of 
one Type ‘B’ appointment to a medical professional plus the cost of minor prescription medicines or 
could simply be the cost of a few hours of lower efficiency in the workplace.  An estimated cost of 
$100/person/year could easily underestimate the health cost of annoyed and lowly sleep disturbed.  It 
is assumed that due to the possibly mild symptoms that there are no further indirect health costs 
associated with this category. 
 
Health Cost Category 2 (HCC2) includes ‘highly annoyed’ and ‘sleep disturbed’ persons with 
estimated yearly health costs of $500/person/year. This category is estimated as the cost of up to five 
Type ‘C’ visits to a medical professional or could be a single day away from work per year which 
appears to be an appropriate estimate for highly annoyed and sleep disturbed people.  The average cost 
of Category 1 and 2 is $300 which is similar to the estimates provided in the above mentioned report 
by Access Economics [53].  Like HCC1, indirect health costs are assumed to be not present or 
negligible. 
 
Health Cost Category 3 (HCC3) is reserved for ‘highly sleep disturbed’ persons and the estimated 
yearly health cost is $5000/person/year.  The estimate is based on up to ten Type ‘D’ medical 
professional appointments and at least five days away from work per year.  Indirect health costs cannot 
be assumed negligible for this category, as these costs contribute largely to the estimated health cost. 
Consequently, the cost of indirect health costs was extracted directly from the Access Economics 
report. 
 
Table 3 outlines the derivation followed to obtain the estimated health costs for each of the three 
health cost categories described above. 
 
3.2.3 Predicting mitigation levels of balcony acoustic treatments 
 
As discussed by Naish & Tan [42], balcony acoustic treatments may provide up to approximately 10 
dB(A) attenuation in road traffic noise exposure to people, and these values have been partly 
confirmed through theoretically predicted attenuations determined by Naish et al [58] and others [43-
50].  Figure 4 demonstrates the typical level of balcony acoustic treatment which could be installed to 
provide road traffic noise attenuation compared to an untreated balcony.  The nominated potential 
attenuation in Figure 4 is generalised and the actual attenuation achieved in-situ depends on a wide 
range of factors arising from the balcony geometry, the street geometry and the relationships between 
the balcony geometry and the street geometry.  For this study, the generalised potential attenuation is 
considered appropriate for demonstration purposes, particularly as the regional scale road traffic noise 
mapping data used in this study does not take into account the actual locations of balconies.  
 
Four attenuation scenarios for all people above the intervention criterion level of 55 dB(A) Lnight were 
implemented.  Scenario 1 applies a constant 2 dB(A) attenuation for all receivers at or above 55 dB(A) 
Lnight.  Similarly, Scenario 2 applies a 5 dB(A) attenuation while Scenario 3 applies a 10 dB(A) 
attenuation.  In relation to the balcony acoustic treatment cases in Figure 4, Scenario 1 would apply to 
the lower attenuating examples of Case B which includes the simplest balcony acoustic treatment 
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designs and non-assisting street/balcony geometry.  Scenario 2 would apply where street/balcony 
geometry is favourable to Case B or unfavourable to Case C balcony acoustic treatments.  Scenario 3 
would relate to Case C designs with favourable street/balcony geometry.  Scenario 4, is a hybrid 
attenuation model and applies a 2 dB(A) attenuation from 55 dB(A) Lnight to 59 dB(A) Lnight a 5 dB(A) 
attenuation from 60 dB(A) Lnight to 64 dB(A) Lnight and a 10 dB(A) attenuation from 65 dB(A) Lnight and 
above. 
 
The Scenario 4 hybrid model demonstrates a preliminary attempt at optimising balcony acoustic 
treatment designs that are fit for purpose.  Although this paper does not aim to investigate the design 
and construction costs of balcony acoustic treatments, it can be reasonably assumed that higher levels 
of attenuation relate to higher construction costs.  Therefore, fit for purpose balcony acoustic 
treatments will result in an optimisation point surrounding reduction in health costs. 
 
4. Results and Discussion 
 
4.1 Indicator correlations 
 
The correlations that are obtained between the Lden, Lnight, LAmax,av (Night) and LAmax,max (Night)  are presented 
in Table 4 and graphically in Figure 5 and Figure 6.  The correlation between the LA10 (18 hour) and the 
Lden (Figure 5a and 5b) demonstrates a high correlation with the LA10 (18 hour).  The Lden (R2 = 0.93, ± 3.3 
dB(A)) appears to be a suitable indicator which can be calculated easily from an LA10 (18 hour) conversion 
with some confidence.  The Lnight correlation with the LA10 (18 hour) (Figure 5c and 5d) also shows a high 
correlation trend but displays more scatter than the Lden.  These correlation levels allow the use of 
equations in Table 4 to convert LA10 (18 hour) to Lden and Lnight which allows the use of the dose response 
curves presented in Figure 2 for the purpose of this study. 
 
The correlation between the LAmax and the LA10 (18 hour) is of interest from the point of view that the 
LAmax is often considered the appropriate indicator to assess short term effects of sleep and is another 
indicator often used for dose-response curves.  There is a reasonable correlation with the average LAmax 
(LAmax, av (Night)) in the night time period and seen in Figure 6a and 6b, but it is not as strong as the Lnight 
correlation.  Clearly from Figure 6c and 6d the highest LAmax in the night time period (LAmax, max (Night)) 
is not well correlated with the LA10 (18 hour).  This result is not surprising as the highest LAmax is the 
statistic most contaminated by non-consistent traffic noise, a single noise isolated vehicle, a dog bark, 
an aeroplane or any type of extraneous noise. Thus the LAmax indicator, either the highest level or 
average level, is not an appropriate indicator to use in this study to assess the effects of acoustic 
building design protocols and policies on community productivity levels.  Therefore the remainder of 
this study will only focus on the Lden and Lnight. 
 
4.2.Exposure distributions – pre-mitigation 
 
Using the correlations in Table 4 and the current estimate of Queensland’s population of 4,583,996 
[59] the estimated number of people Highly Annoyed or Annoyed, Highly Sleep Disturbed, Sleep 
Disturbed to Lowly Sleep Disturbed from road traffic noise are shown in Figure 7. It reveals that road 
traffic noise in Queensland is likely to be a significant issue in the community. 
 
4.3 Exposure distributions – post-mitigation 
 
Figure 8 presents the resultant shift in the distribution of the number of people and their exposure 
compared to the ‘no attenuation’ case.  There is a downward shift around the 55 dB(A) Lnight 
intervention level, resulting in more people being below the intervention level.  Clearly the Scenario 3 
(10 dB(A) attenuation) is the most effective.  In each scenario in Figure 8, the ‘community benefit’ 
described in Section 1 and Figure 1 can be visually compared. 
 
4.4. Estimated health costs and community benefit 
 
This study assesses the potential health cost savings if noise attenuation is provided for all receivers in 
Queensland above a level of 55 dB(A) Lnight.  Naturally, not all receivers would be eligible for balcony 
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acoustic treatments but it is outside the scope of this paper to attempt to determine the number of 
receivers in Queensland with a balcony which could be eligible for an acoustic treatment upgrade.  
Regardless of this limitation in the study, it is still beneficial to anticipate the linkages between the 
provision of balcony acoustic treatments (and possibly other building acoustic design policies) and the 
potential health cost savings. 
 
Based on the assumptions in Section 3.2.2 along with the potential estimated savings afforded by the 
four attenuations scenarios described in Section 3.2.3, the total direct and indirect health costs to 
Queensland due to road traffic noise exposure can be calculated as shown in Table 5.  In Table 5, the 
base scenario with no attenuation is designated Scenario 0.  The estimated health cost savings are 
calculated from the base cost (Scenario 0) minus the revised estimated cost of each of the attenuation 
scenarios for each of the annoyance categories.  With these results based on fiscal health cost estimate 
alone, it is demonstrated that there are significant benefits to the economy by reducing road traffic 
noise exposures.  As expected, the highest cost savings are predicted from the highest attenuation 
scenario, Scenario 3, and the least savings were from the least attenuation, Scenario 1.  The hybrid 
attenuation scenario provides results between Scenario 1 and Scenario 2. 
 
On further inspection of the results, it is observed that estimated health cost savings were between $3 
million (Scenario 1/Lowly Sleep Disturbed) and $140 million (Scenario 3/Highly Sleep Disturbed).  
The average cost saving across all scenarios and annoyance categories is $34 million.  As a percentage 
reduction, the lowest is 5% (Scenario 1/Lowly Sleep Disturbed) and the highest is 26% (Scenario 
3/Highly Annoyed).  In the annoyance category of most concern, ‘Highly Sleep Disturbed’, cost 
savings are from $45 million (Scenario 1) to $140 million (Scenario 3) while the hybrid attenuation 
scenario predicted $70 million (12%) cost savings.   
 
The non-fiscal benefits such as improved communities, social behaviour and interaction or long term 
improvements in child concentration levels at school have not been investigated here but would be 
important additions in future studies.  The potential estimated health costs savings in Table 5 are not 
offset by the one-off cost of installing the balcony acoustic treatments.  This exercise is left for a more 
detailed economic analysis which compares the one-off cost of the treatment versus the yearly health 
cost savings or including other improvements such as increases in community productivity.  Inflation, 
asset depreciation, ongoing maintenance and population increases are a number of other variables 
which would require consideration in a more detailed economic study all of which has been outside 
the scope of this study. 
 
5. Conclusions 
 
The study demonstrates a multi-faceted approach of using regional scale mapping results, population 
and land use data and noise dose-response curves to estimate the potential cost and benefits of acoustic 
design policies for buildings.  The study has used the potential noise attenuation from balcony acoustic 
treatments obtained from the literature as an example.  The fiscal benefits in terms of estimated 
savings to community health costs arising from annoyance and sleep disturbance demonstrate that 
balcony acoustic treatments may provide a significant benefit towards reducing the health related costs 
of road traffic noise. 
 
The method described in this study can be used to estimate the effects of changing planning and 
building design policies other than balcony acoustic treatments, such as internal environmental noise 
guidelines, local area planning scheme codes, predicted changes in urban population densities and 
predicting the impacts of road planning and design.  Future work in this area should be focused on 
developing more accurate estimates of population exposure distributions and on the community costs 
of the environmental noise source.  Additionally the costs of the acoustic design and construction 
should be estimated and used to offset estimated savings.  Increased knowledge and data on existing 
dwelling types (for retrofit policies) and proposed dwelling developments for forward exposure 
assessments would enhance future studies. 
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Table 1: Dose response curves for annoyance (Lden [18]) and sleep disturbance (Lnight [19]) from road 
traffic. 
 
Annoyance or Sleep Disturbance  Equation 
% Annoyed = 1.80×10-4(Lden-37)3+2.1×10-2(Lden-37)2+0.54 (Lden-37) 
% Highly Annoyed = 9.87×10-4 (Lden-42)3-1.44×10-2(Lden-42)2+0.51 (Lden-42) 
% Highly Sleep Disturbed = 20.8 - 1.05 Lnight+0.02 (Lnight)2 
% Sleep Disturbed = 13.8 - 0.85 Lnight+0.02 (Lnight)2 
% Lowly Sleep Disturbed = -8.4 + 0.16 Lnight+0.01 (Lnight)2 
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Table 2: Range of variables in the final measurement database 
 
Variable Range 
Measurement Dates November 2001 to November 2007 
Pavement Surface Type Bitumen Spray Seal, Bitum Seal, Concrete, Dense Graded 
Asphalt, Open Graded Asphalt, PMB Spray Seal, Sprayed 
Seal, Stone Mastic Asphalt. 
Speed 60 km/hr to 110 km/hr 
Annual Average Daily Traffic (AADT) 1700 to 128,000 vehicles per day 
Commercial vehicle percentage (%CV) 1% to 20% 
Distance Road to Receiver (m) 10 m to 4700 m 
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Table 3: Derivation of estimated health cost categories, HCC1, HCC2 and HCC3 
 HCC1 HCC2 HCC3 
Annoyance Categories    
Lden Annoyed Highly Annoyed - 
Lnight Lowly 
Sleep Disturbed 
 
Sleep Disturbed 
Highly 
Sleep Disturbed 
Medical Appointments    
Appointment Cost $35 $68 $100 
Appointment Category (Type ‘B’) (Type ‘C’) (Type ‘D’) 
Quantity 1 5 10 
Total $35 $340 $1,000 
Pharmaceuticals    
Cost per appointment $14 $14 $14 
Total $14 $70 $140 
Productivity     
Work hours lost 2 8 40 
Wage Type (Min to Avg)* Min to Avg Min to Avg Min to Avg 
Total $32to $64 $128 to $538 $640 to $1,280 
Indirect Financial Costs    
Work related injuries - - $2,240 
Motor vehicle accidents - - $925 
Loss of tax revenue - - $115 
Total   $3,280 
Overall Total $81 to $113 $538 to $666 $5,060 to $5,700 
Allocated cost for this study 
(per person/per year) 
$100 $500 $5,000 
* Wage Type; Min = Minimum Wage ($16/hour); Avg = Average Wage ($32/hour) 
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Table 4: Correlations of various indicators with the LA10 (18 hour) 
 
Dependant Variable Correlation Equation  dB(A) R2* 
Lden (3) Lden = 0.88 (LA10 (18 hour)) + 9.3 ± 3.3 0.93 
Lnight (4) Lnight = 0.91 (LA10 (18 hour)) - 1.5 ± 4.8 0.87 
LAmax,max (Night) (5) LAmax,max (Night) = 0.79 (LA10 (18 hour)) + 30.9 ± 10.6 0.50 
LAmax,av (Night) (6) LAmax,av (Night) = 1.03 (LA10 (18 hour)) + 8.9 ± 5.9 0.85 
*R2 Correlation Coefficient 
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Table 5: Predicted health costs in Queensland due to exposure to road traffic noise ($Aus) 
Sc
en
ar
io
 
In
di
ca
to
r 
Annoyance Level Number 
of 
People 
1000’s 
Percentage 
of 
Population 
(%) 
Estimated 
Health Cost 
($millions)* 
Estimated 
Health Cost 
Savings 
($millions)** 
Percent 
Reduced 
(%) N
ot
es
 
0 Lden  Annoyed 1,231 28% $123 -   
  Highly Annoyed 544 13% $272 -   
 Lnight Lowly Sleep Disturbed 606 14% $61 -   
  Sleep Disturbed 284 7% $142 -   
  Highly Sleep Disturbed 117 3% $585 -   
1 Lden  Annoyed 1,147 26% $115 $8 7% i 
  Highly Annoyed 484 11% $242 $30 11% ii 
 Lnight Lowly Sleep Disturbed 582 13% $58 $3 5% i 
  Sleep Disturbed 268 6% $134 $8 6% ii 
  Highly Sleep Disturbed 108 2% $540 $45 8% iii 
2 Lden  Annoyed 1,077 25% $108 $15 12% i 
  Highly Annoyed 438 10% $219 $53 19% ii 
 Lnight Lowly Sleep Disturbed 555 13% $56 $5 8% i 
  Sleep Disturbed 251 6% $126 $16 11% ii 
  Highly Sleep Disturbed 99 2% $495 $90 15% iii 
3 Lden  Annoyed 1,005 23% $101 $22 18% i 
  Highly Annoyed 399 9% $200 $72 26% ii 
 Lnight Lowly Sleep Disturbed 514 12% $51 $10 16% i 
  Sleep Disturbed 227 5% $114 $28 20% ii 
  Highly Sleep Disturbed 89 2% $445 $140 24% iii 
4 Lden  Annoyed 1,116 26% $112 $11 9% i 
  Highly Annoyed 461 11% $231 $41 15% ii 
 Lnight Lowly Sleep Disturbed 568 13% $57 $4 7% i 
  Sleep Disturbed 259 6% $130 $12 8% ii 
  Highly Sleep Disturbed 103 2% $515 $70 12% iii 
* Based on the assumptions outlined in Section 3.2.2 and derived from the Access Economics report [53]. 
** Scenario 0 minus Scenario 1, 2, 3 or 4 for the relevant annoyance category.  
Notes 
i  based on Health Cost Category 1 ($100/person/year) 
ii based on Health Cost Category 2 ($500/person/year) 
iii based on Health Cost Category 3 ($5,000/person/year) 
 
Comment [D1]: Table 5 has been 
revised to include ‘Percent Reduced’ and 
‘Notes’ columns. 
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Figure 2: (a) Dose-response curves for Lden [18] and (b) Lnight [19] from road traffic noise. 
 20 
Gold Coast
Brisbane
Sunshine Coast
Hervey Bay
Rockhampton
Townsville
Mackay
Cairns))
)
)))
)
))))))
)))))))
)))
)
)
)))
)
)
)
)) )))
)))
))))))
))
))))))))
))))))))
))))))))))) )) )))))))))))))))))))
)))
0
kilometers
250 500
4
751
55
24
64
27
22
Gold Coast
Brisbane
Sunshine Coast
)
))
)
)
)
)
))
)
)))
))
)
)
)))
))
)
)
)) )
)
))
)
))
)
))
))))
))
)
)
)
))))
)))
)
)
))
)
)
))
)
)
)
)
))) )
))))))))
))))))
))
)))) ) )
)))))
)
)
)
) )
))
)))) )))))))) )
)))))) ))) )))) )))
))))))))
)
))
))))
))
))
)))
))))
)
)
) )
)
))))
)
State Controlled Road
Measurement Location
 
 
Figure 3: Indication of noise monitoring locations in Queensland – numbers indicate the totals days of 
sample data for that region 
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Figure 5: Distribution LA10 (18 hour) compared to Lden (a and b) and Lnight (c and d) 
 23 
40
50
60
70
80
90
100
110
40 45 50 55 60 65 70 75 80 85 90
LA10 (18 hour)
LA
m
ax
,m
ax
 (N
ig
ht
)
LAmax,max (Night)
LA10 (18 hour)
Linear (LAmax,max (Night))40
50
60
70
80
90
100
110
40 45 50 55 60 65 70 75 80 85 90
LA10 (18 hour)
LA
m
ax
,a
v 
(N
ig
ht
)
LAmax,av (Night)
LA10 (18 hour)
Linear (LAmax,av (Night))
0
10
20
30
40
50
60
70
40 45 50 55 60 65 70 75 80 85 90 95 10
0
10
5
11
0
Sound Pressure Level Parameter, dB(A)
Fr
eq
ue
nc
y
LAmax,av (Night)
LA10 (18 hour)
(b)
(a)
(d)
(c)
0
10
20
30
40
50
60
70
40 45 50 55 60 65 70 75 80 85 90 95 10
0
10
5
11
0
Sound Pressure Level Parameter, dB(A)
Fr
eq
ue
nc
y
LAmax,max (Night)
LA10 (18 hour)
 
 
Figure 6: Distribution LA10 (18 hour) compared to LAmax.av (a and b) and LAmax,max (c and d) 
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Figure 7: Number of people in Queensland annoyed or highly annoyed (a) and sleep disturbed (b) 
 25 
(a) (b)
(d)
0k
50k
100k
150k
200k
250k
300k
350k
400k
450k
43 45 47 49 51 53 55 57 59 61 63 65 67 69
Lnight or LA10 (18hour)
N
um
be
r o
f P
eo
pl
e
No Attenuation
Scenario 1
LA10 (18hour)
0k
50k
100k
150k
200k
250k
300k
350k
400k
450k
43 45 47 49 51 53 55 57 59 61 63 65 67 69
Lnight or LA10 (18hour)
N
um
be
r o
f P
eo
pl
e
No Attenuation
Scenario 2
LA10 (18hour)
0k
50k
100k
150k
200k
250k
300k
350k
400k
450k
43 45 47 49 51 53 55 57 59 61 63 65 67 69
Lnight or LA10 (18hour)
N
um
be
r o
f P
eo
pl
e
No Attenuation
Scenario 4
LA10 (18hour)
(c)
0k
50k
100k
150k
200k
250k
300k
350k
400k
450k
43 45 47 49 51 53 55 57 59 61 63 65 67 69
Lnight or LA10 (18hour)
N
um
be
r o
f P
eo
pl
e
No Attenuation
Scenario 3
LA10 (18hour)
 
 
Figure 8: Predicted population / Lnight histogram distribution changes to exposure due to attenuation 
Scenarios 1 to 4 (a to d respectively) 
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